Resistive pulse sensors, RPS, are allowing the transport mechanism of molecules, proteins and even nanoparticles to be characterised as they traverse pores. Previous work using RPS has shown that the size, concentration and zeta potential of the analyte can be measured. Here we use tunable resistive pulse sensing (TRPS) which utilises a tunable pore to monitor the translocation times of nanoparticles with DNA modified surfaces. We start by demonstrating that the translocation times of particles can be used to infer the zeta potential of known standards and then apply the method to measure the change in zeta potential of DNA modified particles. By measuring the translocation times of DNA modified nanoparticles as a function of packing density, length, structure, and hybridisation time, we observe a clear difference in zeta potential using both mean values, and population distributions as a function of the DNA structure. We demonstrate the ability to resolve the signals for ssDNA, dsDNA, small changes in base length for nucleotides between 15-40 bases long and even the discrimination between partial and fully complementary target sequences. Such a method has potential and applications in sensors for the monitoring of nanoparticles in both medical and environmental samples.
Introduction
The immobilization of oligonucleotides onto surfaces is a key design to many technologies within DNA sequencing 1, 2 , DNA-protein interactions [3] [4] [5] , biosensing [6] [7] [8] [9] and targeted drug delivery [10] [11] [12] . The functionalization of DNA onto nanoparticle surfaces is now a common practice, and within the field of biosensors alone the number of strategies for immobilization, type of nanomaterial, and detection platform are varied enough to fill several reviews [13] [14] [15] [16] [17] [18] [19] . One family of nanomaterials favoured with purification strategies is Superparamagnetic Particles, SPPs. These particles allow for the removal of specific analytes from complex sample matrices using nothing more complicated than a hand held magnet 14, [20] [21] [22] [23] and the use of SPPs has become increasingly common. When they are incorporated into fluidic devices they can be used to continuously sort cells and DNA from liquids 24 , and are integrated into a variety of detection platforms 14, 24, 25 .
When using nanomaterials in bioassays, the material must remain suspended in the solution for it to capture the analyte. A particle's surface chemistry design is important to avoid sedimentation of irreversible aggregation; there are two mechanisms available to prevent this. First is the use of steric stabilisation by placing a neutral polymer onto the particle surface, and the second depends upon charge stabilisation whereby the repulsive coulombic forces overcome the attractive Van der Waals forces 26, 27 .
For charge stabilised particles, a typical measurement used to represent the surface charge, and infer stability, is zeta potential. The zeta potential represents the value of the electrostatic potential at the plane of shear and typically for nanoparticle systems, zeta potential values of ±30 mV are representative of stabilised particles 28 .
When a polyelectrolyte, such as DNA, is immobilised onto the surface of the nanomaterials the DNA can take on two roles. The first is the more natural of the two as a capture probe, designed to hybridise to target DNA. The second is a passive role where the inherent charge on the phosphate back bone can act as a stabiliser by creating a high charge density on the particle surfaces, helping suspend them in solution 29 . In doing this it is important to consider the structure of the DNA immobilised onto a nanomaterial's surface. Single-stranded and double-stranded DNA varies in persistence length, which affects the stability and flexibility of the polymer when immobilised to a surface. For example, dsDNA has a 50-fold higher persistence length than ssDNA 30, 31 , making it a far more rigid. As well as the persistence length, the contour length also varies between ssDNA and dsDNA, and both these parameters will affect the plane of shear and thus zeta potential 32 .
When using nanoparticle systems a mean population zeta potential will not allow the true measure of the ligand distribution across all of the particles to be interpreted, and in a typical reaction the ligand density would follow a poisson distribution [33] [34] [35] . The spread of the population can have an effect on the reaction kinetics, stability and sensitivity of nanoparticle based assays [36] [37] [38] . To build up a true measure of the spread of zeta potential values for a given particle population, the zeta potential of each individual particle has to be measured, and this aspect is challenging, although electrophoretic and electrochemical techniques allow insight to these measurements 29, 39 . Electrophoresis studies have demonstrated the ability to separate ssDNA and dsDNA modified particles, and probe the structure of the ssDNA surfaces [40] [41] [42] . Alternative technologies for monitoring particle-by-particle zeta potentials rely upon particle tracking technologies that monitor the speed of the particles in an applied electric field 43 .
A relatively recent technology to be developed for the characterisation of nanoparticles is based upon tunable resistive pulse sensing (TRPS) [44] [45] [46] [47] [48] [49] [50] [51] . TRPS is based on polyurethane elastomeric membranes in which the pore geometry can be altered in real time. The brief set up and theory for TRPS technologies is as follows: a stable ionic current is established by two electrodes, separated by a pore; as particles/analytes translocate the pore they temporarily occlude ions, leading to a transient decrease in current known as a "blockade event", examples of which can be seen in figure 1a. In the TRPS arrangement used here, the pore is mounted laterally so that particles typically move from the upper fluid cell into the lower fluid cell, aided by an inherent pressure head due to 40 The methodology for measuring zeta potential using RPS technologies has seen an evolution of techniques 44, 54, 55 , and here we use a similar concept as was published by Arjmandi et. al. using pyramidal pores 56 . In brief, a calibration based zeta potential method is applied, based on the measurement of signal durations of translocation events as a function of voltage. The electrophoretic mobility is calculated from the derivative of medium particle velocity and applied electric field.
The zeta potential of each particle can then be obtained from the measured electrophoretic mobility using the Smoluchowski approximation 44, 57 . The calculated zeta potential only depends on the measured pulse duration and is independent of the magnitude of the pulse, meaning that simultaneous size and charge measurements can easily and reliably be carried out. TRPS's particle-by-particle nature means that sub-populations with different zeta potential are able to be resolved, whilst ensemble methods such as phase analysis light scattering or PALS will only report an average zeta potential.
We adapt and apply the theory by first demonstrating its use with calibration particles and then move to measure changes in zeta potential for DNA modified nanoparticles. We go on to measure the change in zeta potential as a function of DNA concentration on the particles surface. We observe that the measured zeta potential is correlated to the concentration of DNA and as the technique also provides a particle-by-particle analysis, the distribution of the zeta potential across the sample population is also produced. As we increase the concentration of DNA, a more symmetrical Gaussian distribution of charge is produced, indicating a more uniform ligand distribution around the nanoparticles. By measuring the zeta potential and shape of the distribution, we go on to measure the effects of oligonucleotide length and apply our method to the detection of dsDNA. By controlling the packing density of the capture probe (CP) on the particle surface and the mechanism by which the CP hybridises to the target, the sensitivity of the instrument can allow for the detection of target DNA in assay times under 30 mins. Finally we demonstrate that by designing the length and position of the complementary section to the target we can improve the signal and detection.
The method will have an impact on designing particle based assays and the technology shows potential to study zeta potentials on biological analytes, with clear applications in fields of bioassays; as well as the monitoring of nanomaterials in nanotoxicology and nanomedicine where a clear understanding of the particle surface charge and size can have an influence on the efficiency and toxicology of particle based drugs.
Materials and methods

Chemicals and Reagents
The buffer used was phosphate buffered saline with Tween-20 as a surfactant (1 
Custom DNA oligonucleotides
All the oligonucleotides used in this study were purchased as lyophilised 
Phase analysis light scattering (PALS)
CPC200 zeta potentials were measured on a Malvern Zetasizer Nano ZS.
PALS analysis was used to determine the average zeta potential of the carboxylated polystyrene standards dispersed in PBS electrolyte.
Hybridising DNA to streptavidin coated particles
120 nm diameter streptavidin coated particles (03121, Ademtech, France)
were diluted to a concentration of approximately 1 x 10 9 particles/mL. The diluted particle solutions were then vortexed for 30 s, and sonicated for 2 mins, to ensure monodispersity.
The biotinylated DNA capture probe was added to the streptavidin coated particles (4352 pmol/mg binding capacity -determined by the supplier) at the required concentration. The samples were then placed on a rotary wheel for 30 minutes. Any unbound DNA remaining in solution was then removed via magnetic separation by placing the samples onto a Magrack (GE Healthcare, UK) for 30 minutes. The supernatant was then removed and replaced with new buffer (PBST).
Addition of complementary target DNA
Target DNA was added in excess (500 nM) to ensure the maximum possible target binding was reached. The samples were then placed on a rotary wheel at room temperature to investigate the effect of DNA hybridisation time.
TRPS setup
All measurements were conducted using the qNano ( 
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Streaming potential measurement
Streaming potential and current measurements of the thermoplastic polyurethane (TPU) pore membrane were made using a Surpass instrument (Anton Paar GMBH, USA). TPU membranes were cut to form a cylindrical cell with an adjustable gap and the streaming potential was measured for a range of applied pressures within a cyclic pressure sweep. The zeta potential was evaluated with the Surpass Visiolab software, applying the Helmholtz-Smoluchowski equation 58 .
Calibration zeta potential measurements
Based on the size of the sample particles being used (~120 nm) and calibration CPC200s (220 nm), the most idealistic pore to use was an NP150 (size range 85 -300 nm). The calibration particles are measured at 3 applied voltages that are dependent on the applied stretch and consequent baseline current observed.
Each sample measurement was performed using a baseline current of 100 ± 10 nA, to allow us to compare data sets across several runs and pores. To account for variation in the pore size from the manufacturing process, the stretch and voltage were adjusted to achieve a similar baseline current for each experiment (see above).
As well as matching the baseline current each sample blockade signal was greater than 0.05 nA, compared to a background noise of circa 10 pA. Finally when performing an experiment a calibration was performed on particles of known size and zeta potential. For the purpose of measuring and comparing zeta potential, it was imperative that the stretch of the nanopore and the applied potential were not changed during a sample or calibration measurement of a particular dataset. The sample measurements were all completed at the highest or second highest voltage that the calibration measurements were carried out at. Calibration measurements were completed on each new day analysis was completed and when a new nanopore was introduced. The zeta potential distributions were measured as D90/10 value, D90 is defined as the particle zeta potential at 90% of the cumulative particle zeta potential, distribution and D10 is defined as the particle zeta potential at 10% of the cumulative particle zeta potential.
Results and discussion
Zeta calculation
In this study we are using a method related to Arjmandi et al., 56 , who described a calibration based method of measuring particle zeta potentials using resistive pulse sensing. This method is based on measuring the duration of the translocation of particles through a nanopore as a function of applied voltage, with particle velocity and electric field being averaged over the entire sensing zone of a regular conical pore. The electric field, E, can be determined using the calculation of pore resistance, so that E is entirely parallel to the z-axis, ( ) = − 0 * , with E z, I 0 , and R being the electric field component along the pore axis, electric current, and resistance respectively 59 . For a voltage V 0 of 0.5 V, a small pore opening diameter of 0.8 µm, a large pore opening diameter of 40 µm, and a membrane thickness of 250 µm, the maximum electric field is approximately 10 5 V/m. Please note that the above pore dimensions are estimates, which are in accordance with SEM images of pores with similar dimensions to the ones used for this study. The electrophoretic mobility is the derivative of 1/T (with T being the signal duration) and voltage multiplied by the square of the sensing zone length, l. l is a fitting parameter that is included in a calibration constant, which is calculated using a calibration particle with known zeta potential. Convection and electroosmosis have been neglected for being much smaller than the electrophoretic contribution to particle motion. Finally, Henry's equation is used to relate the particle zeta potentials with the measured electrophoretic mobility of single particles 60 .
We are using a related approach, in which we are considering the effects of elecroosmosis and convection (through an applied pressure) in addition to electrophoresis when calculating the zeta potential of single particles. Samples of particles with a wide spectrum of zeta potentials, potentially reaching from positive to negative values and/or very dilute suspensions, may require the application of an external pressure in order to capture the whole spectrum of particle zeta potentials.
Also, without any net pressure, most neutral particles might not translocate the pore and hence are not measured, skewing the results. 
The net zeta potentials for both sample and calibration particles are the differences in the respective particle zeta potentials and the membrane zeta potential, (equation 2).
The zeta potential of each sample particle i, ξ Sample 
Zeta potential of DNA Modified Particles
To test our method on DNA modified particles we first performed a series of measurements increasing the concentration of ssDNA (25 bases in length) on the streptavidin coated particle surfaces. The concentration of DNA, termed here CP, was increased from 10 -210 nM, whilst the particle concentration remained constant. Please note that each data point in figure 2 represents a single particle.
Figure 2 -Size and zeta potential data captured simultaneously from a single TRPS measurement. The blue bars/data points are results of a sample containing 10 nM CP (570 particles measured), the red bars/data points are of a sample containing 47 nM (524 particles measured) and the green bars/data points are of a sample containing 210 nM CP DNA (576 particles measured).
From this, it can be found that although there are no significant size changes observed between the samples, there are significant changes observed in the zeta potential. The inferred zeta potentials from the measured velocities of the samples at varying CP concentration are shown in figure 3a and 3b respectively. The particle velocities are determined from 1/T 0.50 (see supplementary material), which is an estimate of the average particle speeds. The measured zeta potential in figure 3a shows that as the DNA concentration is increased, the larger the absolute zeta potential, and follows the expected trend based on the measured particle velocities; similar data for repeat experiments are given in figure A.2a. This is attributed to each phosphate group contributing to a negative point charge, thereby increasing the charge density of the particle surface, as described by Graham's equation. Surface charge densities were calculated using Graham's equation 56, 61 . and A.7.
Detecting Target DNA Hybridisation
It was then investigated if the technique could discriminate between ssDNA and dsDNA. Initially the capture probe length was kept constant at 25 bases in length, and was always added in excess of the binding capacity. Any unbound capture probe in solution was removed before the target probe was incubated with the particles. As can be seen in figure 5ai and ii, the formation of dsDNA can be measured by an increase in zeta potential for assay hybridisation times of 16 hours (green triangle) and for hybridisation times as short as 30 minutes (red squares).
The change in structure from ssDNA to dsDNA is a 50-fold increase in persistence length 30, 31 , and this will result in the hydrodynamic radius of the particle upon forming dsDNA to increase. Two competing factors then affect the surface chare density. The first is the elongation of the DNA upon forming the dsDNA structure which has the effect of spacing out the charged phosphate groups away from the particles surface, resulting in a decrease in charge density. Increasing the length of the DNA could have slowed the speed at which the particles traverse the pore due to additional drag effects and lowered the recorded zeta potential. However, the result indicates that the increase in charge due to the additional 30 based has a more dominant effect on particle translocation times. One suggestion for this observation could be down to the ssDNA having a lower persistence length. The overhanging ssDNA may coil/ fold back towards the particle.
This folding in effect increased the surface charge density around the particle increasing the electrophoretic velocity through the creation of a 'hairy layer mechanism' 66 . The ssDNA within the overhanging DNA is also further from the particles surface than the DNA in any other experiment. Given the curvature of the particle the distance between each DNA molecule will increase, and this room to fold back may explain the enhanced effect over MidT and EndT experiments. A surprising aspect of the data was the ability to distinguish between dsDNA formed at the end or middle of the capture probe. The target DNA that bound to the end of the CP (EndT), recorded a smaller zeta potential than a same sized target that was hybridised to the middle of the CP (MidT). We attribute this to the effects of persistence lengths and the location of the dsDNA in the capture probe. The MidT dsDNA leaves a section of ssDNA exposed to the solution. This is more flexible and we hypothesise that when the dsDNA is in the middle of the DNA, the single stranded end section coils/ folds back to increase the charge density around the particle 66 , thus creating a larger zeta potential. In the case where the dsDNA is at the end of the sequence, the ability of the DNA to fold back on its self is restricted and forms a more rigid elongated oligomer across the entire length of the DNA, moving the charge away from the surface and lowering the surface charge density.
The observation that MidT produces a larger shift in zeta potential could influence the design of future assays on TRPS systems. The change in distribution shape indicates a difference in the DNA hybridisation or DNA target itself. Figure 5b shows the change in charge histogram shape, dependent on the target DNA hybridised to the CP. The ability to monitor any of these discrete differences is an insightful prospect for future colloid and nucleotide research.
As well as designing the location to capture target DNA, there is also an interesting observation on the effect of DNA density on hybridisation kinetics.
Previous studies have illustrated that the kinetics of target DNA capture is influenced by DNA probe density at a surface [67] [68] [69] [70] . At high DNA probe densities, the ssDNA forms a dense packed polymer brush 56 , the DNA forms a rigid polymer coating who's thickness is equal to the length of the extended DNA sequence, H hours. This is due to the increase in amount of time the target DNA has to reach the required orientation to achieve successful complementary DNA binding. The more time there is for this to happen, the higher the proportion of target DNA that can successfully bind to the capture probe resulting in a larger amount of dsDNA present on the particles. This increases the particle velocity through the nanopore, thus resulting in a larger absolute zeta potential.
A more Gaussian charge distribution was seen for particles analysed in figure 6a and 6c than in 6b, skewness values of 0.1, -0.41 and -0.37 respectively. We attribute this to an increase in ability to form dsDNA, and then detect its presence on a particle. For example with a hybridisation time of 30 minutes and a lower capture probe concentration (6a), the presence of dsDNA is easily detected. This may be due to two factors, firstly there being less steric hindrance for the target DNA to approach the particle allowing the rate of dsDNA formation to be increased, and secondly the resolution of the technique to measure the incremental additional of dsDNA against a particle of lower charge, compared to a high density ssDNA covered particle in 6b. Increasing the target hybridisation time to 16 hours (figure 6c) using the high concentrations of capture probe allows the target to have more time hybridise and thus more dsDNA is present on the surface.
Conclusions
We have demonstrated that TRPS can successfully detect and characterise both unmodified and DNA-modified particles in a single, real-time measurement.
Charge distributions, rather than a single mean zeta potential value allow for more information to be extracted from a sample dataset using a particle-by-particle perspective. DNA-based surface modifications to a nanoparticle affect the behaviour of the nanoparticles in an electrolyte solution and their mobility through a nanopore;
and by optimising the hybridisation time and DNA packing density on a surface, we measure the successful capture of target DNA after just 30 minutes incubation time.
Successful analyte capture after such short incubation times is advantageous and shows great potential for medical applications, such as point of care assays, for example.
